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Abstract 
Several pentasil-type zeolites with different Si/Al ratios and different channels dimensions have been dealuminated 
in acidic medium by conventional heating and under microwaves for comparison. Microwaves led to faster 
dealumination than conventional heating, and provoked differences in the acidic and surface properties of the 
resulting samples. 
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1. Introduction 
Zeolites play an important role in several catalytic industrial processes, including cracking and isomerization of 
hydrocarbons [1]. However, one of the main drawbacks associated with their applications is that the regular 
micropores (size < 2nm) limit the transportation of molecules, restricting the catalytic performances to a large 
extent. Acidic and surface properties of zeolites can be modified by dealumination with conventional thermal 
treatments, steaming, mineral acid, SiCl4, EDTA, F2 or (NH4)SiF6 treatments, or a combination of those [2-3]. 
Conventional heating is mainly used when applying temperature during dealumination.  
Nowadays, microwaves irradiation is being applied for the dry, synthesis, and cation-exchange of zeolites [4-7]. 
Microwaves are electromagnetic waves. The electric field applies a force on charged particles as a result of which 
the charged particles start to migrate or rotate. Due to the movement of charged particles further polarization of 
polar particles takes place. The concerted forces applied by the electric and magnetic components of microwaves are 
rapidly changing in direction (2.4 x 109 per second) causing warming because the assembly of molecules cannot 
respond instantaneously to the changing direction of the field and this creates friction which manifests itself as heat. 
The first application of microwaves in chemical research was reported in the early 1970s, but it was from 80s that 
has been widely applied in different research fields, such as solid dehydration, and promotion of both organic and 
inorganic reactions [4,8]. The use of microwaves in the preparation of materials considerably decreases the synthesis  
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times and modifies the samples properties [7, 9]. This places microwaves like a good value in Green Chemistry 
syntheses.  
The aim of this work is to study the effect of using microwaves, during dealumination in acidic medium of 
several pentasil-type zeolites on their resulting surface and acidic properties. Thus, three zeolites with different Si/Al 
molar ratio, and different channels dimensions such as Mordenite (Channels of 7.0 x 6.5 Å and 2.6 x 5.7 Å), Beta 
(Channels of 6.6 x 7.0 Å and 5.6 x 5.6 Å) and ZSM-5 (Channels of 5.1 x 5.5 Å and 5.3 x 5.6 Å) were chosen for this 
study. These zeolites were also treated in acidic medium by conventional heating for comparison. Samples were 
characterized by X-ray diffraction (XRD), X-ray fluorescence (XRF), N2 physisorption, 1H NMR, and FT-IR 
techniques. 
2. Experimental  
2.1 Preparation of dealuminated samples 
Na-Mordenite (Zeolyst, Si/Al=6.5), Na-Beta (Zeochem, Si/Al=10) and Na-ZSM-5 (Zeochem, Si/Al=20), designated 
as M, B and Z, respectively, were treated with HCl 6M under microwaves (Milestone ETHOS-TOUCH CONTROL 
equipped with a temperature controller) at 373 K for 15 min (samples MMW, BMW and ZMW, respectively). 
Besides, these zeolites were heated by autoclaving in a conventional oven at the same temperature and time 
(samples MA, BA and ZA, respectively). Then, samples were washed with deionized water, and dried in an oven 
overnight.  
2.2 Elemental analyses  
Elemental analyses of the samples were obtained with a Philips PW-2400 sequential XRF analyzer with Phiplips 
Super Q software. All measures were made in triplicate. 
2.3 X-ray diffraction (XRD) 
Powder X-ray diffraction patterns of the different samples were obtained with a Siemens D5000 diffractometer 
using nickel-filtered Cu KD radiation. Samples were dusted on double-sided sticky tape and mounted on glass 
microscope slides. The patterns were recorded over a range of 2T angles from 5º to 40º and crystalline phases were 
identified using the Joint Committee on Powder Diffraction Standards (JCPDS) files. For mordenite, cell parameters 
were calculated from (200), (020) and (202) peaks, and for ZSM-5 from (200), (020), (002) and (-103) peaks, using 
a matching profile with WIN FIT 1.2 software. Crystallinity of the modified mordenites was determined by 
comparing the sum of the peak areas of (150), (202), (350) and (402) (22-32º 2ș) with respect to commecial Na-
mordenite. Crystallinity of the modified ZSM-5 samples was calculated using the (051) peak intensity compared 
with the parent zeolite sample. The integrated intensity of the signal at 2ș = 22.4º was used to evaluate the 
crystallinity of beta samples. 
2.4 FTIR 
Infrared spectra were recorded on a Bruker-Equinox-55 FTIR spectrometer. The spectra were acquired by 
accumulating 32 scans at 4 cm-1 resolution in the range of 400–4000 cm-1. Samples were prepared by mixing the 
powdered solids with pressed KBr disks in a ratio of 5:95 and dried in an oven overnight.  
2.5 N2 physisorption 
BET areas were calculated from the nitrogen adsorption isotherms at 77 K using a Micromeritics ASAP 2000 
surface analyser and a value of 0.164 nm2 for the cross-section of the nitrogen molecule.  
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2.6 1H MAS NMR 
1H NMR spectra were obtained with a Varian Mercury Vx 400Mhz with a probe of 7mm CPMAS at a frequency 
of 400 MHz by spinning at 5kHz. The pulse duration was 2 ȝs and the delay time was 5s. The chemical shift 
reference was trimethyl silil-3 propionic acid d4-2,2,3,3 sodium salt.
3. Results and Discussion
After acid treatment, we observed that dealumination took place for all of the treated samples since they had 
higher Si/Al molar ratio, lower cell volumes, and a shift to higher values of the IR band assigned to symmetric and 
asymmetric stretching of the T-O bond (T=Si,Al) than their corresponding commercial ones (Table 1). The increase 
of the strength of the T-O bond when the Al content decreases was explained by the fact that Si-O bond is shorter 
than the Al-O bond, and Al has lower electronegativity than Si. Interestingly, the samples dealuminated under 
microwaves showed higher dealumination than the samples dealuminated in a conventional oven except for beta-
zeolite, which became almost totally dealuminated in both cases. For ZSM-5, dealumination was very low.  
The acid and heating conditions used here did not cause drastic changes in the zeolitic structures, although there 
was some decrease in the crystallinity of the mordenite and beta zeolites after acid treatment (Table 1). The 
crystallinity of ZSM-5 samples practically did not change according to their low dealumination. 
Table 1. Characterization data of the starting and modified zeolites
Samples M MA MMW B BA BMW Z ZA ZMW 
Si/Al (XRF) 6.5 11.2 15.8 10   20 21.3 22.4 
Unit cell volume (Å3)a 2791 2737 2713 -- -- -- 5209 5125 2192 
Crystallinity (%)a 100 73 70 100 62 69 100 99 100 
IR bands (cm-1)b ȣ1 1068 1091 1084 1087 1097 1097 1083 1096 1097 
                          ȣ 2 629 641 635 618 628 636 797 797 797 
1H NMR main peak (ppm) 3.4 5.0 5.1 4.2 4.2 4.1 3.7 5.1 5.5 
a Calculated from XRD patterns; b Frequencies of the main asymmetric stretch (ȣ1), and the main symmetric 
stretch (ȣ2) due to the T-O bond (T=Si, Al). 
Fig. 1 shows the BET area values variation obtained from the N2 physisorption technique for each group of 
samples. Modified mordenites showed higher BET areas, lower micropore area/non-micropore area ratios (8.9, 6.1 
and 5.9 for M, MA, and MW, respectively), and higher pore volumes than commercial mordenite. These results can 
be associated to the loss of aluminum in the mordenite structure which lead to higher mesoporosity, and therefore, to 
higher surface areas. This is in agreement with the results reported by other authors [2, 3]. Interestingly, this 
tendency appeared more marked for the microwaved sample. On the other hand, treated beta samples showed a 
decrease of BET surface area accompanied to a slight increase in the micro-mesoporosity which can be attributed to 
the loss of crystallinity observed after treatment, as reported by other authors [10]. With respect to ZSM-5 samples, 
slight differences in the variation of the surface area were detected, as expected, due to the very low dealumination. 
Figure 1. BET area variation for each group of zeolites. 
Mordenite samples Beta samples ZSM-5 samples
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1H NMR technique has been postulated as a useful technique to determine the presence of different kinds of 
hydroxyl groups in zeolites, and therefore, to evaluate their BrØnsted acidity strength [11]. From 1H NMR spectra, 
we observed that, after dealumination, the main peak shifts to higher frequencies for mordenite and ZSM-5 samples 
(Table 1), indicating higher Brønsted acidity strength. This peak could be attributed to Brønsted protons, formed 
during dealumination in HCl medium, that are interacting with the zeolite framework. For Beta samples, the position 
of the main peak was very similar (Table 1). This can be explained by the higher dealumination suffered by the 
samples. Interestingly, the 1H NMR spectra of samples BMW and ZMW, treated in acidic medium under 
microwaves, also showed the presence of a low-intense peak around 2.2 ppm which can be attributed to the presence 
of low amounts of silanol groups.  
In order to understand the different behaviour of these three types of zeolites towards dealumination, it is 
important to have in mind that the arrangement and size of the zeolite pores influences the accessibility of the 
aluminum atoms in the framework. Zeolite beta, for example, has a three-dimensional 12-ring pore system and, 
because of this property, the framework is very flexible. Zeolite mordenite has a one-dimensional pore system and 
ZSM-5 a three-dimensional 10-ring pore system. Both these structures are less flexible than beta, and consequently, 
it is more difficult to dealuminate them. In addition, zeolite beta crystallizes with many stacking faults [12] and 
mordenite samples, although less frequently, may also have structurally related stacking faults [13]. Stacking faults 
increase the probability of the presence of defect sites in the framework. Also, the number of the T-atoms in four-
rings may have an influence on the stability towards dealumination because the tension in the smaller rings is larger. 
The most aluminum atoms there are in an environment with tension, the easier it is to dealuminate the zeolite 
sample. 
The effect of microwaves on dealumination, when compared with conventional heating, can be mainly explained 
taking into account that chemicals do not interact equally with the commonly used microwave frequencies for 
dielectric heating, and consequently selective heating may be achieved [4, 8]. This may lead to a significantly 
different temperature regime, caused by microwave dielectric heating, being the main contributing factor to the 
acceleration observed with respect to conventional heating. 
4. Conclusions 
Beta, Mordenite and ZSM-5 were totally, partially and very low dealuminated, respectively. Microwaves led to 
faster dealumination than conventional heating method except for beta-zeolite, which became totally dealuminated 
in both cases. The use of microwaves for dealumination affects the surface and acidic properties of the resulting 
samples.  
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